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Mark C. M. van Loosdrecht
Environmental Biotechnology Group, Department of Biotechnology, Delft University of Technology, Delft, Netherlands
Denitrification and dissimilatory nitrate reduction to ammonium (DNRA) compete for
nitrate in natural and engineered environments. A known important factor in this microbial
competition is the ratio of available electron donor and elector acceptor, here expressed
as Ac/N ratio (acetate/nitrate-nitrogen). We studied the impact of the Ac/N ratio on the
nitrate reduction pathways in chemostat enrichment cultures, grown on acetate mineral
medium. Stepwise, conditions were changed from nitrate limitation to nitrate excess in
the system by applying a variable Ac/N ratio in the feed. We observed a clear correlation
between Ac/N ratio and DNRA activity and the DNRA population in our reactor. The
DNRA bacteria dominated under nitrate limiting conditions in the reactor and were
outcompeted by denitrifiers under limitation of acetate. Interestingly, in a broad range of
Ac/N ratios a dual limitation of acetate and nitrate occurred with co-occurrence of DNRA
bacteria and denitrifiers. To explain these observations, the system was described using
a kinetic model. The model illustrates that the Ac/N effect and concomitant broad dual
limitation range related to the difference in stoichiometry between both processes, as well
as the differences in electron donor and acceptor affinities. Population analysis showed
that the presumed DRNA-performing bacteria were the same under nitrate limitation and
under dual limiting conditions, whereas the presumed denitrifying population changed
under single and dual limitation conditions.
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INTRODUCTION
Denitrification and Dissimilatory Nitrate Reduction to Ammonia (DNRA) are two microbial
anaerobic respiration processes that compete for nitrate and nitrite in the environment. When
nitrate is reduced by denitrification, the nitrogen is released in the atmosphere as dinitrogen
gas, and traces of the gaseous intermediates nitric and nitrous oxide, while DNRA will retain the
nitrogen in the habitat in the form of ammonium. The different fates of the nitrogen due to these
two different dissimilatory processes can have important implications (Giblin et al., 2013). For
example, in wastewater treatment plants, denitrification is usually the desired process to remove
the fixed nitrogen from the wastewater. DNRA can be important for nitrogen conservation in
ecosystems because the ammonium-ion is generally retained in soil and sediments by absorption
to the negatively charged clay minerals and therefore available for plant and microbial uptake. In
contrast, the nitrate and nitrite anions are easily lost due to leaching (Silver et al., 2001).
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Denitrification and DNRA can occur in similar conditions in
absence of oxygen or at low oxygen concentrations (Tiedje et al.,
1982; Kraft et al., 2014). For a long time, DNRA received little
consideration in studies of nitrate respiration in natural andman-
made ecosystems, like wastewater treatment plants. In the last
decade, interest in DNRA increased since N-labeling experiments
have indicated that DNRA may play a significant role in the N-
cycling (Burgin and Hamilton, 2007; Kraft et al., 2011; Rütting
et al., 2011; Brin et al., 2015). Although, the physiology and
bioenergetics of DNRA are relatively well studied in a selected
number of pure cultures, the (quantitative) role of DNRA in the
environment is one of the least described of the nitrogen cycle
processes (Streminska et al., 2012).
The general hypothesis is that DNRA may outcompete
denitrification at low or limiting nitrate conditions and a surplus
of available carbon, i.e., a high ratio of available electron donor
over nitrate-nitrogen, often expressed as the molar C/N ratio
(Tiedje et al., 1982; Kelso et al., 1997; Rütting et al., 2011; Kraft
et al., 2014; van den Berg et al., 2015). These conditions occur
for example in the rizosphere or rumen (Tiedje et al., 1982). A
low C/N ratio, i.e., low or limiting available organic carbon, has
been suggested to promote denitrification. This effect of the C/N
ratio has been widely observed in both aquatic and terrestrial
ecosystems (Burgin and Hamilton, 2007; Rütting et al., 2011;
Hardison et al., 2015), but this phenomenom has rarely been
reproduced in controlledmixed culture systems in the laboratory.
In batch cultures the outcome of the competition between
different microorganisms is determined by themaximum specific
growth rate. In continuous systems, the competition is based
on affinity for the growth limiting substrate, as truly substrate
limiting conditions can be applied (Gottschal, 1985). The affinity
is defined as the maximum specific growth rate over the affinity
constant for the limiting substrate (µmax/K) (Kuenen, 2015).
This means that the competition will be won by the organism able
to grow faster at certain dilution rate, at the given concentration
of the growth limiting substrate (Kuenen, 2015). As nitrate
limitation is an important factor for the selection of DNRA, this
configuration is essential to study the nitrate reduction processes
in (continuous) enrichment culture (van den Berg et al., 2015).
Additionally, the use of a substrate limited continuous culture
yields more reproducible and dependable data for the study of
microbial competition than the batch cultivation mode (Kuenen,
2015).
Recently, two studies using lab continuous cultures addressed
the effect of the C/N ratio on the end product of nitrate
reduction (Kraft et al., 2014; Yoon et al., 2015). Kraft et al. (2014)
obtained a marine sediment mesocosm culture performing
DNRA under nitrate limitation. When switching the system
to carbon limiting conditions, DNRA activity ceased and the
nitrate was reduced to dinitrogen gas. In a pure culture of
Shewanella loihica PV-4, which can catalyse both DNRA and
denitrification, Yoon et al. (2015) varied the ratio of electron
donor over nitrate-nitrogen by varying influent lactate and
nitrate concentrations. They observed DNRA under nitrate
limiting conditions and denitrificaton under carbon-limitation,
and additionally observed the simultaneous occurance of both
processes, when the substrate ratio was such that both lactate
and nitrate were limiting. These studies described the effect of
the C/N ratio in a complex microbial community and a pure
culture, which was not originally isolated for its DNRA capacity.
To obtain additional insight in the underlying mechanisms of the
microbial competition between denitrifiers and DNRA bacteria,
we studied the effect of the ratio of available electron donor over
nitrate-nitrogen in a simple enrichment culture grown on acetate
mineral medium in continuous culture. Acetate was chosen to
avoid fermentation processes. As this ratio is different for each
substrate, dependent on the electrons it can transfer, we want
to specifically refer to acetate and express this ratio as Ac/N.
We hypothesized that the substrate affinities for the limiting
substrates will be a major parameter in the effect of the Ac/N ratio
on the competition between DNRA and denitrification.
A chemostat culture was inoculated with activated sludge
and fed with acetate as electron donor and nitrate as electron
acceptor (van den Berg et al., 2015) at a low enough dilution
rate to allow growth of both the denitrifying and DNRA bacteria.
Initially, the culture was nitrate limited and performed DNRA.
Then the Ac/N ratio was changed in alternating steps. The
relative contribution of denitrification and DNRA in the reactor
was monitored by determining the amount of nitrate-N that
was converted. Steady state populations were analyzed with
denaturing gradient gel electrophoresis and fluorescent in situ
hybridization. A kinetic model was used to describe the system
and illustrate the underlying mechanisms in the competition.
MATERIALS AND METHODS
Chemostat Operation
A double-jacket glass bioreactor with an operating volume of 2 L
(Applikon, Delft, The Netherlands) was used for the cultivation
of the culture. The reactor broth was continuously sparged with
dinitrogen gas to maintain anaerobic conditions and operated
as a continuous stirred-tank reactor (CSTR). The system was
inoculated with activated sludge from the wastewater treatment
plant (WWTP) Leiden-Noord, The Netherlands. Before the
start of the current experiments the reactor had been running
continuously for a year, as described in van den Berg et al.
(2015). The reactor was operated at 400 rpm with a stirrer that
contained two standard geometry six-blade turbines. The reactor
temperature was controlled at 20◦C by means of a water jacket
and a cryostat bath (Lauda, Lauda-Königshofen, Germany). The
redox potential was monitored using a Redox electrode (Mettler
Toledo, Tiel, The Netherlands). The pH of the reactor liquid
was monitored with a pH electrode (Mettler Toledo) and was
maintained at 7.1 ± 0.05 using 0.5M HCl and 0.5M NaOH.
The pH pumps and the pH were controlled by an ADI 1030
biocontroller (Applikon). MFCS/win (Sartorius Stedim Systems,
Bohemia, NY, U.S.A.) was used for data acquisition of the
online measurements (redox, pH, temperature, acid dosage, base
dosage).
The dilution rate of the system was controlled at 0.026 ±
0.001 h−1 and the influent and eﬄuent were pumped using
Masterflex R© pumps. The eﬄuent pump was controlled by a level
sensor. The medium was supplied in two separate flows of a
mineral medium (A) and substrate medium (B). The influent
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pumps, using L/S R© 14mm tubes, were set to pump 26ml/h, thus
a total of 52ml/h influent was pumped in.
The culture media was autoclaved before use and sparged with
a small flow of nitrogen gas while connected to the chemostat.
Medium A contained per liter: 23.5mmol NaNO3, 22.0mmol
KH2PO4, 1.2mmol MgSO
.
47H2O, 1.5mmol NaOH, 1.5mg yeast
extract and 5ml trace element solution (Vishniac and Santer,
1957), with the ZnSO.47H2O concentration reduced to 2.2 g
per liter. For the Ac/N ratios of 0.93 and 0.66, NH4Cl was
added to medium A (Table 1). Medium B contained varying
concentrations of NaCH3COO
.3H2O (Table 1) in order to create
the different Ac/N ratios.
Analytical Procedures
Oxygen, carbon dioxide, nitric oxide and nitrous oxide
concentrations in the headspace of the reactor were monitored
in dried gas using a gas analyzer (NGA 2000, Rosemount,
Chanhassen, MN, USA). The flow of nitrogen gas to the reactor
was kept at 100Nml min−1 using a mass flow controller (Brooks
Instrument, Ede, The Netherlands), to maintain sufficient flow
through the gas analyzer (80ml min−1).
Samples taken from the reactor were centrifuged and
supernatants were used for analysis of acetate and nitrogen
compounds. The acetate concentration in the liquid phase
was measured by High Performance Liquid Chromatography
using an Aminex HPX-87H column (T = 60◦C) from Bio-
Rad Laboratories (Hercules, CA, USA) coupled to a UV and RI
detector using phosphoric acid (0.01M) as eluent, with a lower
limit of detection of 0.1mM. A rapid qualitative indication of
the nitrite- and nitrate-concentration in the reactor was obtained
with test strips (Merck Millipore, Carrigtohill, Ireland). When
this was not zero, the qualitative measurements for nitrate-,
nitrite- and also ammonium-concentrations were performed
spectrophotometrically with commercial cuvette test kits (Hach
Lange, Düsseldorf, Germany). Nitrate concentrations as low as
0.23mgN/l (0.02mM) could be measured with this method.
Sulfide was not detectable (<0–5µmol/l).
To determine the biomass concentration, the reactor eﬄuent
was centrifuged (10,000 rpm for 20min) and the pellet was dried
at 105◦C. Subsequently the ash content was subtracted to obtain
TABLE 1 | The acetate concentrations in medium B, used to obtain the
different Ac/N ratios for the medium supplied to the chemostat, and the
ammonium concentrations in medium A, added as N-source for the
cultures lacking measurable ammonium production by DNRA.
Days Ac/N (mol/mol) Acetate (mM) Ammonium (mM)
1–12 1.87 44.1 –
13–24 1.50 35.3 –
25–38 1.08 25.5 –
39–66 1.23 29.0 –
67–100 0.93 22.0 –
101–109 0.93 22.0 2.2
110–123 0.93 22.0 2.8
124–171 1.16 27.3 –
172–200 0.66 15.4 2.8
VSS concentration. The ash content was determined by burning
the organic parts of the dried pellet at 550◦C. Protein content of
the biomass was measured using the Uptima BC Assay Protein
Quantitation Kit (Interchim, Montluçon, France). The heme
content of the biomass was measured in cell suspensions, with
0.7mg/ml protein for the DNRA biomass and 1.0mg/ml protein
for the denitrifying biomass. The absorption spectra for the heme
content in the cells were recorded on an Olis DW2000 (Bogart,
GA, USA) double beam spectrophotometer. Solid dithionite was
used as the reductant to measure the reduced spectrum.
The biomass composition was calculated from the measured
Total Organic Carbon (TOC) and Total Organic Nitrogen (TON)
of washed biomass pellets, using a TOC-L CPH/CPN analyzer
(Shimadzu Benelux, ’s-Hertogenbosch, The Netherlands). TOC
was determined as Total Carbon (TC) subtracted by Inorganic
Carbon (IC) (TOC = TC − IC). Biomass composition was
measured for several steady states and did not significantly differ
for the different populations. In our calculations we used the
average of 0.23± 0.01mol N per C-mol biomass.
A balance of degree of reduction and a charge balance
of incoming and exiting elements in the chemostat were
set up to verify the consistency of our measurements. The
ammonium production was attributed to nitrate reduction by
DNRA. The nitrogen not accounted for in ammonium, nitrate,
nitrite or biomass was assumed to be converted to N2. The
concentration of volatile suspended solids (VSS) was used as
biomass concentration. Value comparisons were evaluated using
an unpaired student t-test or linear regression analysis. For the
computation of the CO2 production rate from the off gas partial
pressure we used themolar gas volume 24.5 l/mol. Losses by wash
out of dissolved CO2 and ionized species are included in the
balancing.
Microbial Population Analysis
The microbial community structure was analyzed by denaturing
gradient gel electrophoresis (DGGE). Biomass samples were
collected from the reactor and centrifuged and stored at −20◦C.
The genomic DNA was extracted and analyzed as described
by van den Berg et al. (2015). The set of primers used is the
341F (containing a 40-bp GC clamp) and 907R (Schäfer and
Muyzer, 2001). The obtained sequences were corrected using
the program Chromas Lite 2.1.1 (http://technelysium.com.au)
and then compared to sequences stored in GenBank using
the Basic Local Alignment Search Tool (BLAST) algorithm
(http://www.ncbi.nlm.nih.gov/blast). The sequences have been
deposited in the GenBank under accession numbers KT317069
to KT317073, KX002073 and KX002074.
Fluorescent In Situ Hybridization (FISH) was performed as
described by Johnson et al. (2009), using a hybridization buffer
containing 35% (v/v) formamide. The applied probes are listed
in Table 2. The general probe mixture EUB338 labeled with Cy5
was used to indicate all eubacteria species in the sample (Amann
et al., 1990; Daims et al., 1999). The Beta42a probe, labeled
with Cy3 (plus an unlabeled Gamma42a probe, to minimize
erroneous hybridizations of Beta42a; Manz et al., 1992), was used
to target the denitrifiers and a probe for Deltaproteobacteria
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(Delta495) labeled with FLUOS was used to target the DNRA
bacteria. Probes were synthesized and 5′-labeled with either
the FLUOS or with one of the sulfoindocyanine dyes Cy3 and
Cy5 (Thermo Hybaid Interactiva, Ulm, Germany). Slides were
observed with an epifluorescence microscope (Axioplan 2, Zeiss,
Sliedrecht, The Netherlands), and images were acquired with a
Zeiss MRM camera and compiled with the Zeiss microscopy
image acquisition software (AxioVision version 4.7, Zeiss) and
exported as TIFF format. The relative abundances of the bacteria
were based on a cell count of four randomly selected subsections
of each picture, counting at least 100 cells per section.
Model Description
A computational model was developed to describe the
competition between nitrate reduction to dinitrogen gas
(denitrification, DN) and nitrate reduction to ammonium
(ammonification, AM) in a chemostat. The model was based
on Monod-kinetics with potentially two limiting substrates,
nitrate (NO3) and/or acetate (AC). The actual growth rate of the
microorganisms catalyzing both conversions was consequently
described as shown in equation 1.
µ = µmax ·
NO3
NO3 + KNO3
·
AC
AC + KAC
(1)
In this equation NO3 and AC are the concentrations for nitrate
and acetate respectively, µmax is the maximum specific growth
rate (molX·molX−1·h−1) andKNO3 andKAC (mM) are the affinity
constants for nitrate and acetate respectively. To describe process
stoichiometries in the kinetic model, the overall growth reactions
for denitrification and DNRA obtained frommeasurements were
used (equations 2, 3). Thus, implemented is nitrate reduction to
the pathway end-products, despite the branching of the nitrate
reduction pathways at nitrite. The kinetic parameter values used
are presented in Table 7.
The resulting system was numerically solved using the steady
state assumption µ = D where D equals the dilution rate
(L · L−1 · h−1) using a two-step approach. First the eﬄuent
concentrations acetate and nitrate were calculated assuming
that only denitrification or ammonification occurred at Ac/N
ratios in the feed ranging from 0.6 to 2.0. If the steady state
eﬄuent concentrations of acetate and nitrate were both lower for
denitrification, this process will outcompete the ammonification
process, and vice versa. If this is not the case ammonification
and denitrification will coexist and there is a unique solution
for the eﬄuent acetate and nitrate concentrations where both
the growth rates of denitrification and ammonification are equal
to the dilution rate. The full model is made available in the
supplementary materials.
RESULTS
Reactor Operation
The influence of the mass ratio of acetate and nitrate (Ac/N
ratio) on the competition between denitrification and DNRA
was analyzed using an anaerobic enrichment culture. Nitrate was
used as electron acceptor and N-source and acetate as electron
donor and carbon source. Variable Ac/N ratios were obtained
by varying the acetate concentration in the influent. Ac/N-ratios
were alternated non-linearly in time (Table 1) to avoid gradual
adaptation. The culture was assumed to be in steady state when
the conversions observed were constant for at least five volume
changes.
Since nitrogen fixation is unlikely to occur in presence of
ammonium, the ammonium production was attributed to nitrate
reduction by DNRA. In steady state nitrite was not detected,
and in the off-gas no nitric oxide or nitrous oxide could be
detected (both detection limits of 5 ppm). Although, 0.65mM
of sulfate was present in the influent, sulfate reduction was
considered negligible, because no sulfide was detected (detection
limit 0.5µmol/l).
The initial culture was enriched and grown at a high Ac/N
ratio of 1.87mol/mol in the influent (Figure 1A). This resulted
in nitrate limitation in the reactor, while acetate was in excess:
15± 2 % of the nitrate was assimilated and 70± 3% was reduced
to ammonium via DNRA. The remaining 15% of nitrate was
assumed to be reduced to dinitrogen gas, and thus denitrified.
However, this remains to be verified. At this high Ac/N ratio,
the biomass yields were 18.0 ± 1.1 g VSS/mole nitrate and
12.3 ± 1.6 g VSS/mole acetate (0.62 ± 0.04mg protein/mg VSS)
and the C/N content of the biomass was 0.22 ± 0.1 molN/molC.
The redox potential in the reactor under these conditions was
−450mV and the color of the mixed culture was pink/reddish,
due to high heme content of the biomass (redox spectra in Figure
S1). These observations showed a good reproducibility of the
previous enrichment in the same conditions (van den Berg et al.,
2015).
A lowAc/N ratio of 0.66 resulted in acetate limiting conditions
in the reactor (Figure 1A), with excess of nitrate. Under these
conditions, no ammonium was measured, hence DNRA activity
was undetectable. Here, ammonium was added to the medium
for growth. The biomass yield of this culture was 11.6 ± 1.4 g
VSS/per mole nitrate, which is lower than the yield of the culture
dominated by the DNRA bacteria (p = 0.0003). The yield on
TABLE 2 | Probes used in FISH analysis of the culture.
Probe Sequence (5′-> 3′) Dye Specificity References
EUB338mix gcwgccwcccgtaggwgt Cy5 Most bacteria Amann et al., 1990; Daims et al., 1999
Beta42a gccttcccacttcgttt Cy3 Betaproteobacteria Manz et al., 1992
Gamma42a gccttcccacatcgttt none Gammaproteobacteria Manz et al., 1992
Delta495 agttagccggtgcttcct Fluos Deltaproteobacteria Loy et al., 2002
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FIGURE 1 | Steady state reactor concentrations were measured for each cycle. Average deviations were obtained from daily measurements during the steady
state (n > 3). (A) Ammonium concentrations measured and modeled for different Ac/N ratios. As a reference, the influent nitrate concentration is shown. (B) Biomass
concentrations measured and modeled. The modeled fraction of DNRA biomass is shown for reference. (C) Nitrate and acetate concentrations, measured and
modeled.
acetate was comparable for both denitrification and DNRA (p
= 0.1288) (Table 3), as well as the C/N content and protein
content of the biomass. The redox potential in the reactor at
denitrifying conditions was −160mV and the color of the broth
was yellowish, as the enrichment culture did not have a high heme
content like the DNRA culture (redox spectra in Figure S1).
At Ac/N ratios between 0.93 and 1.50, a dual limitation of
both acetate and nitrate was observed, as residual concentrations
of both acetate and nitrate were not detected. The ammonium
production decreased with the decreasing Ac/N ratios (p =
0.0044; R2 = 0.9528), indicating that DNRA became less
dominant (Figure 1A). Other observations confirming a decrease
in DNRA activity were the decrease in acid consumption and
the change in color of the culture, which became less red and
more yellow as the Ac/N ratio was decreased. Furthermore,
the biomass yield on nitrate decreased with the diminishing of
DNRA activity in the reactor (p= 0.0327, R2 =0.8255), while the
biomass yield on acetate did not change significantly (p= 0.5883,
R2 = 0.1085) (Table 3). Hence, as acetate conversion decreased
with Ac/N ratios, the biomass concentration decreased as well
(Figure 1B). An overview of all steady state conversion rates is
shown in Table 4. The redox potential in the reactor for the
steady states with both substrate limiting conditions ranged from
−260 ± 50 to −350 ± 50mV (Figure 2). Although, the redox
values are somewhat unstable, a trend in the redox potential
could be observed.
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TABLE 3 | Biomass yield on acetate and nitrate for the different COD/N
ratios.
Ac/N (mol/mol) Biomass yield
g VSS/mol acetate g VSS/mol nitrate
0.66 11.3 ± 1.8 11.6 ± 1.4
0.93 10.7 ± 1.1 9.9 ± 0.8
1.08 12.5 ± 1.2 13.6 ± 0.9
1.16 9.9 ± 1.1 11.5 ± 0.9
1.23 10.3 ± 1.2 12.7 ± 1.1
1.50 12.3 ± 1.4 18.4 ± 1.6
1.87 12.3 ± 1.6 18.0 ± 1.1
Yields and average deviations were calculated using the average volatile suspended solids
of steady state measurements and the average amount of substrate that was consumed.
Microbial Community Structure
The microbial populations in the reactor steady states were
analyzed by DGGE and verified by FISH (Figures 3,4,
respectively). DGGE bands were sequenced and analyzed
using BLASTn (Table 5). For the DNRA dominated community
as obtained in nitrate limiting conditions, one dominant
genotype was observed on the gel (lane A, Figure 3), which is
most closely related to Geobacter luticola. This is the genotype
corresponding to the organism performing DNRA, as is
explained in the discussion. When both nitrate and acetate were
limiting and denitrification and DNRA coexisted, two other
dominant genotypes appeared (lane C–E, Figure 3). One of
those genotypes is most closely related to Geobacter lovleyi (band
3, Figure 3), and 100% similar to the DRNA genotype found
in our previous study (van den Berg et al., 2015). Thus, this
Geobacter genotype is assumed to be responsible for DNRA, just
like the G. luticola related organism. Alignment of the sequences
of the bands 1 and 3 showed 97% similarity. The other genotype
that appeared when both nitrate and acetate were limiting (Ac/N
1.08–1.23mol/mol) related toAzospira oryzae (band 2, Figure 3),
which was most likely responsible for the denitrification. When
the Ac/N ratio was 0.93 (lane F, Figure 3), a genotype related
with 96% identity to Geobacter lovleyi (band 3a, Figure 3)
remained, with 98% sequence similarity to genotype 3. The
denitrifier with the A. oryzae genotype had disappeared and two
other dominating genotypes were found, next to the Geobacter
genotype. These genotypes (band 4 and 5, Figure 3) were highly
similar, 98% similarity, and for both the closest cultivated relative
was Sulfurisoma sediminicola. Under acetate limiting conditions
(Ac/N 0.66, lane H, Figure 3), two genotypes dominated. The
Geobacter genotype had disappeared and one of the Sulfurisoma
sediminicola genotypes remained. A new genotype appeared
(band 6, Figure 3), which was most closely related to Variovorax
boronicumulans.
Because there was no DNRA performed at low Ac/N ratios
(0.93 and 0.66mol/mol), the ammonium concentration was
below the detection limit in the reactor, and nitrate was also
used for assimilation. To investigate if nitrate or ammonium
availability affected the denitrifying community at low Ac/N
ratios, the medium was supplemented with 1.4mM ammonium
for 20 volume changes. This was sufficient for growth, and
an excess of 0.2mM residual ammonium remained in the
reactor. Supplementing the medium with ammonium resulted
in no identifiable differences in functional performance of
the system (biomass p = 0.5329) and in the DGGE analysis
result (compare lane F and G, Figure 3). So the type of
N-source for assimilation did not change the denitrifying
population.
As artifacts occur in DGGE analysis (Neilson et al.,
2013), FISH analysis was performed to confirm these results.
The DNRA performing bacteria found with DGGE analysis
belong to the class of Deltaproteobacteria and the bacteria
identified in the denitrifying cultures all belong to the
Betaproteobacteria (Table 5). Therefore the relative abundance
of denitrifying and DNRA performing bacteria can be seen
with FISH using probes for Beta- and Deltaproteobacteria
respectively. For each steady state, the relative abundance of these
bacteria was estimated (Table 6) to illustrate its correspondence
with the trend observed with the culture conversions and
DGGE result. Figure 4 shows FISH photos of three steady
state populations. The culture grown with the highest Ac/N
ratio consists of almost only Deltaproteobacteria. With the
decrease of the Ac/N ratio, the relative abundance of the
Deltaproteobacteria decreases and the relative abundance of the
Betaproteobacteria increases (p < 0.0001, R2 = 0.9980). The
cultures grown with the lowest Ac/N ratio show almost only
Betaproteobacteria.
Modeling the Results
A mathematical model was developed to describe the
experimental results obtained and to clarify co-occurrence
of denitrification and ammonification at the intermediate Ac/N
ratios investigated. As the model describes the overall growth
reactions, branching of the nitrate reduction pathways at nitrite
was not incorporated. To validate the model structure proposed
in the material and methods section, the stoichiometry of both
processes needs to be identified first.
Given that at low Ac/N ratios denitrification was found to
dominate the process, the stoichiometry of the denitrification
(equation 2) was calculated from the measured biomass yield on
acetate (−0.49 Cmol/mol).
−2.1 · C2H3O
−1
2 − 2.3 · NO
−1
3 − 4.4 ·H
+1 + 1 · CH1.8O0.5N0.2
+ 1.1 · N2 + 3.1 · CO2 + 4.4 ·H2O (2)
At high Ac/N ratios ammonification was strongly dominant and
the reaction stoichiometry for nitrate ammonification (equation
3) was derived from the biomass yield on acetate, which
was on average found to be comparable to denitrification
(−0.49Cmol/mol).
−2.1 · C2H3O
−1
2 − 1.5 · NO
−1
3 − 4.9 ·H
+1 +1 · CH1.8O0.5N0.2
+ 1.3 · NH+14 + 3.1 · CO2 + 2 ·H2O (3)
The maximum specific growth rate value for the ammonifying
culture was estimated from exponential growth curves measured
during transition from low to high Ac/N-ratios (data not
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TABLE 4 | Steady state conversion rates and balances for the enrichment cultures at different Ac/N ratios.
Ac/N Compound conversion rates (mmol.h−1) Balance residuals (%)
(mol/mol) HAc NO−
3
H+ CH1.8O0.5N0.2 NH
+
4
Reduction Charge
0.66 −0.39 ± 0.01 −0.44 ± 0.08 −0.78 ± 0.04 0.19 ± 0.01 0.00 ± 0.01 1% 4%
0.93 −0.55 ± 0.02 −0.59 ± 0.01 −1.07 ± 0.02 0.24 ± 0.02 0.00 ± 0.01 7% 6%
1.08 −0.64 ± 0.02 −0.59 ± 0.01 −1.26 ± 0.02 0.32 ± 0.02 0.09 ± 0.01 6% 5%
1.16 −0.55 ± 0.03 −0.59 ± 0.01 −1.45 ± 0.04 0.27 ± 0.02 0.19 ± 0.01 12% 0%
1.23 −0.72 ± 0.02 −0.59 ± 0.01 −1.50 ± 0.04 0.30 ± 0.02 0.30 ± 0.01 9% 8%
1.50 −0.88 ± 0.02 −0.59 ± 0.01 −1.75 ± 0.03 0.42 ± 0.03 0.43 ± 0.01 10% 9%
1.87 −0.86 ± 0.05 −0.59 ± 0.01 −1.87 ± 0.08 0.43 ± 0.03 0.41 ± 0.01 9% 1%
The conversion rates were calculated using the measured concentrations of the compounds. Standard deviations were obtained from daily measurements during the steady state
(n = 3–4 for biomass, n = 4–5 for other compounds). When substrates were completely consumed standard deviations were estimated from concentration variations due to inaccuracy
of medium preparation. The nitrogen and carbon balance are unavailable since N2 and CO2 were not measured.
FIGURE 2 | Redox potential measured in the culture at different Ac/N
ratios. A linear correlation could be observed.
FIGURE 3 | Photograph of DGGE gel with the PCR products of the 16S
rRNA genes from steady state reactor samples, with different Ac/N
ratios (cropped; no other bands were present in the lanes). The
numbers on the right side of the bands correspond to the markers in Table 5.
Bands labeled with the same number, contained the same sequence. Note
that for the culture in lane A denitrification is dominant and in H DNRA is. The
unprocessed DGGE photo is included in Figure S2. (a) The influent was
supplemented with 1.4mM ammonium.
shown). The affinity constant for nitrate of the DNRA
bacterium was estimated from reactor nitrate concentrations
that were measured under nitrate limiting conditions (data not
shown). When acetate limitation was observed, residual acetate
concentrations were at all times below the detection limit of
the used methods. The values for the affinity constants of the
denitrifying community were therefore obtained from literature
(Gujer et al., 1999; Scholten et al., 2002). An overview of the
kinetic parameter values is presented in Table 7.
Analysis of the affinity of both processes for nitrate and acetate
in a chemostat, as identified by the value for µmax/K in Table 7,
shows that the model correctly describes the dominance of
denitrification in acetate limiting conditions (Ac/N ratios smaller
than 0.93), and that of DNRA at nitrate limiting concentrations
(Ac/N ratios higher than 1.50). It should be noted that although,
the affinity constants in the model were roughly estimated from
literature and preliminary experimental data, the model output
in terms of the ratios of denitrification versus DNRA is largely
independent of the absolute affinity constant values. The ratio of
the affinity constants is the main factor determining the relative
contribution of DNRA or denitrification in the conversions in the
chemostat.
Also at the intermediate Ac/N ratios the model
adequately describes the co-occurrence of denitrification
and ammonification (Figure 1A). Total biomass concentrations
as predicted from combined denitrification and ammonification
correspond well to the measured biomass concentration
(Figure 1B). Eﬄuent ammonium concentrations due to DNRA
are always overestimated by approximately 15% by the model
due to partial reduction of nitrate to dinitrogen gas in our
experiments as described previously.
DISCUSSION
Chemostat System
In this study the influence of the Ac/N ratio on the competition
for nitrate between denitrification and DNRA was investigated
in an open continuous culture enrichment system. We used
acetate as the single non-fermentable substrate. We observed in
this system that within a remarkably wide range of Ac/N ratios
dual substrate limitation and co-occurrence of both DNRA and
denitrification occurred.
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FIGURE 4 | FISH microscopic photographs of steady state cultures. The cells were stained with Cy5-labeled probes for bacteria (EUB338mix, blue),
Cy3-labeled probes for Betaproteobacteria (Beta42a, red) and FLUOS-labeled probes for Deltaproteobacteria (Delta495, green). Cells that are purple indicate cells to
which the probes EUB338mix and Beta42a were hybridized. Cells that are light blue indicate cells to which the probes EUB338mix and Delta495 were hybridized. (A)
The culture grown with Ac/N ratio of 0.66. (B) The culture grown with Ac/N ratio of 1.08. (C) The culture grown with Ac/N ratio of 1.87.
TABLE 5 | BLASTn results’ best alignments for the different band sequences (Figure 3).
Band Description Class Identity (%) Accession number
1 Geobacter luticola Deltaproteobacteria 97 AB682759.1
2 Azospira oryzae strain N1 Betaproteobacteria 100 DQ863512.1
3 Geobacter lovleyi strain SZ Deltaproteobacteria 97 NR_074979.1
3a Geobacter lovleyi strain SZ Deltaproteobacteria 96 NR_074979.1
4 Sulfurisoma sediminicola Betaproteobacteria 94 AB842427.1
5 Sulfurisoma sediminicola Betaproteobacteria 97 AB842427.1
6 Variovorax boronicumulans Betaproteobacteria 99 JQ692103.1
TABLE 6 | Relative abundances of the Betaproteobacteria and
Deltaproteobacteria in the steady state populations obtained from cell
counts of the FISH analyses.
Ac/N (mol/mol) Betaproteobacteria (%) Deltaproteobacteria (%)
0.66 96 ± 2 0 ± 0
0.93 85 ± 1 15 ± 1
1.08 46 ± 3 54 ± 3
1.16 38 ± 5 62 ± 5
1.23 25 ± 1 75 ± 1
1.50 1 ± 1 99 ± 1
1.87 1 ± 1 99 ± 1
The indicated average deviations relate to the cell counts and not to accuracy of the FISH
analysis.
To describe the basic behavior of our system, we made
a kinetic model to describe substrate competition and co-
occurrence of DNRA and denitrifiers, omitting nitrate reduction
to nitrite as a possibility. As shown in Figure 1, the model
correctly describes the experimentally observed co-occurrence of
denitrification and DNRA at intermediate Ac/N ratios.
In the chemostat steady states with one limiting substrate
we observed a domination of one of the two different nitrate
respiration processes. The DNRA bacteria dominated during
nitrate limitation, indicating they have a higher affinity for nitrate
TABLE 7 | Parameter values used for modeling denitrification and
ammonification in a chemostat culture.
Parameter Symbol Unit DNRA DN
Maximum specific growth rate µmax h−1 0.052 0.086
Affinity constant for nitrate KNO3 µM 2 10
Affinity constant for acetate KAC µM 10 10
Affinity for nitrate µmax/KNO3 h
−1· µM−1 26.2 8.6
Affinity for acetate µmax/KAC h
−1· µM−1 5.2 8.6
The origin of the different values in the table is explained in the text.
than the denitrifying bacteria. The denitrifiers dominated under
acetate limiting conditions, indicating a higher affinity for acetate
for the denitrifiers than for the DNRA bacteria.
The biomass yield of the DNRA culture was higher than
the yield of the denitrification culture per mole nitrate, whereas
these yields were similar per mole of acetate. A comparison of
the DNRA and denitrification yields found in this system, with
theoretically expected and other empirical yields can be found in
the discussion of van den Berg et al. (2015).
For a remarkably wide range of Ac/N ratios no nitrate
or acetate could be detected in the eﬄuent and both nitrate
reduction processes co-existed. In case of one conversion, with
one electron donor and one electron acceptor, e.g., when only
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denitrification or DNRA occurs, this dual limitation range is
expected to be very narrow. This is shown in Figures 5A,B,
where the eﬄuent concentrations of acetate and nitrate are
calculated assuming that either DNRA or denitrification occurs.
Furthermore, these graphs (Figures 5A,B) show that the Ac/N
ratio where both carbon and nitrogen limitation occur is strongly
different for denitrification (Ac/N = 0.89) and DNRA (Ac/N
= 1.36). This is due to the difference in the number of
electrons transferred per unit of nitrate converted. This difference
in stoichiometry between both processes prompts the double
limitation for nitrate and acetate and co-occurrence of DNRA
and denitrification over a broad range of Ac/N ratios.
It should be noted that if one process, DNRA or
denitrification, would have a higher affinity for both acetate
and nitrate, only one of these processes would occur over the
full range of Ac/N values. Combined with the higher affinity
for nitrate of DNRA and the higher affinity for acetate of
denitrification, the difference in stoichiometry facilitates the
broad range of Ac/N ratios where DNRA and denitrification
coexist as adequately described by the model.
The model predicts that residual limiting substrate
concentrations are higher in the dual substrate limitation
range than in the single substrate limitation range (Figure 5C).
This is the result of competition for both substrates, in
which microorganisms do not manage to keep the substrate
concentrations as low as for the case of a single substrate
limitation. Under nitrate limiting conditions, the DNRA bacteria
keep the nitrate well below a level attainable for denitrifying
bacteria. At decreasing Ac/N ratios, the acetate concentration
becomes limiting for the DNRA bacteria and nitrate starts to
accumulate. At these increased nitrate concentrations and low
acetate concentrations, the denitrifiers have a competitive edge
due to their higher affinity for acetate. They can establish in
the system up to the point where nitrate gets limited for the
denitrifiers, and denitrification and DNRA can co-occur. As
both organisms are pulling at both substrates in the transition
phase, neither manages to outcompete the other, and they
will coexist, albeit at higher residual substrate concentrations
(Figure 5C).
Other factors, which are not considered in the model, possibly
contributed to our observations of the Ac/N effect. The apparent
higher affinity of denitrifiers for acetate might be a result of their
higher competitiveness in comparison to the DNRA bacteria at
increased redox potential imposed at nitrate excessive conditions.
The low redox conditions at high Ac/N ratios might not only
be influenced by the nitrate concentration but also facilitated
by sulfate reducing bacteria, which are inevitably present in
anoxic environments with sulfate and excess organic carbon
present. Sulfide was not detected in the culture supernatant,
but the small amounts produced could be directly consumed by
the denitrifiers in autotrophic nitrate respiration. Micromolar
amounts of sulfide are sufficient to strongly affect the redox
potential of the system. Hence, the DNRA bacteria might
depend on the sulfide producers to be able to persist in the
reactor. A lower sulfide production in the reactor at lower
Ac/N ratios in combination with the presence of nitrate would
increase the redox potential. This increase might inhibit growth
of the DNRA bacteria (Buresh and Patrick, 1981), and result
in the domination of denitrifiers which are less sensitive to
high redox.
The double substrate limitation described in this study
deserves particular attention. For one, it underlines how hybrid
the nitrate conversion is, with different conversion occurring
simultaneously even in a simple system as a chemostat with
one carbon- and energy source. Secondly, it differs from cases
of double substrate limitations reported in literature. Most
studies describing dual limitation of heterologous substrates,
i.e., substrates that cannot be replaced by one another, study
limitation of anabolic substrates in pure cultures (Egli, 1991;
Zinn et al., 2004). Very few studies describe a dual limitation of
heterologous catabolic substrates (Gottschal et al., 1979; van der
Hoeven and Gottschal, 1989; Kovárová-Kovar and Egli, 1998).
In the dual limitation of anabolic substrates, the dual limitation
range is a result of the biomass flexibility to change composition
(Zinn et al., 2004), which can be predicted by the biomass
yields and is dependent on the dilution rate. In this study, the
dual limitation is a result of the difference in stoichiometries,
analogous to the yields in the anabolic substrate limitations,
of denitrification and DNRA and not the biomass flexibility to
change C/N content. As the C/N content of the biomass at
different influent Ac/N ratios weres constant, we hypothesize that
the observed dual limitation range is independent of the dilution
rate. In the study of van der Hoeven and Gottschal (1989) on
the dual limitation of the heterologous substrates glucose and
FIGURE 5 | Calculated change in residual nitrate (solid line) and acetate (dotted line) concentrations for change of influent Ac/N ratio in a chemostat
enrichment culture. (A) , Denitrification only. (B), DNRA only. (C), Denitrification and DNRA.
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oxygen in a mixture of two pure cultures, coexistence occurred as
a result of the different susceptibilities of the cultures for substrate
inhibition by oxygen. In our results, the occurrence of inhibition
might be due to the millimolar excess of either acetate or nitrate,
but appears unlikely since, at the pH used, the concentrations of
candidates for toxicity, free acetate or nitrate, are very low.
The results described in this paper suggest that coexistence
of DNRA and denitrification will occur in environments at a
relative wide range of C/N supply ratios. Shifts in carbon or
nitrate/nitrite loads may change the ratio of nitrate reduction
products, but both processes will remain present. For example,
in a wastewater treatment system with high organic carbon
and nitrate in the influent (as in aquaculture and industrial
wastewater) or nitrate presence in a recirculation stream which
is mixed with the influent, DNRA bacteria can be active. Co-
occurrence of denitrification and DNRA in artificial wastewater
treatment wetlands and natural ecosystems, such as sediments,
is often reported in literature (Mørkved et al., 2005; Giblin
et al., 2013; Hardison et al., 2015). To which extent the Ac/N
ratio dependent co-occurrence of DNRA and denitrification is
influenced by the nature of the electron donor/carbon source in
the system (Giblin et al., 2013; Plummer et al., 2015) and the
oxidized nitrogen compound utilized (i.e., nitrite or nitrate), will
be the topic of future studies. In addition, spatial heterogeneities
in the environment could affect the co-occurrence (Verhagen
and Laanbroek, 1991). Furthermore, one should not rule out
the possibility that the organisms respond physiologically to
the changing in situ concentrations of nitrate and acetate, by
various metabolic mechanisms or regulatory effects (Gottschal
and Thingstad, 1982; Gottschal, 1993).
Microbial Population
For the nitrate limiting conditions, the FISH and DGGE results
indicated dominance of one organism. This organism was most
closely related to Geobacter luticola. Although, G. luticola was
shown to reduce nitrate to N2O (Viulu et al., 2013) and no DNRA
activity was reported, the related organism found in this study is
most likely performing the DNRA in our system.
The organism related to G. lovleyi strain SZ, which occurred
after the shift of the Ac/N from 1.08 to 1.23 (Table 1), was
assumed to perform the same conversions as the G. luticola-
related strain in the reactor as it was 100% similar to the
DNRA-performing dominant organism described previously
by van den Berg et al. (2015). Additionally, the G. luticola
related genotype had 97% sequence identity to G. lovleyi-
related sequence and 96% to the G. lovleyi SZ. Hence, both the
presumed DNRA-performing organisms in the studied system
are closely related. Shifts between the two strains were seen
earlier in this reactor (before the experiments of this study),
while the conditions remained the same and the conversions
were unaffected. Additionally, in the current experiments these
organisms interchange in time (compare Table 1, Figure 3).
Therefore, most likely the shift is not an effect of the different
Ac/N ratio but rather a shift between two very similar organisms
with very close affinities possibly affected by minor fluctuation in
substrate supply (Gottschal, 1993).
Although, the population consists of >95% of the presumed
DNRA organism under nitrate limitation, 15% of the nitrate
was still reduced to dinitrogen gas. Either the DNRA bacteria
are also capable of denitrification, like Shewanella loihica (Yoon
et al., 2015), or the side population was denitrifying but with a
relatively low growth yield. The low yield could be the results
of other unknown factors such as the possible production of
NO or N2O as byproducts by the DNRA bacteria (Costa et al.,
1990; Torres et al., 2016) with the denitrifiers growing on these
compounds rather than nitrate. Besides direct competition for
the substrates nitrate and acetate, the bacteria can interact, which
can be inhibitory or stimulatory (Gottschal and Thingstad, 1982),
or they might have an effect on the regulation of enzymes or
nutrient uptake system of one another (Gottschal, 1993). With
the current experiments, the origin of the nitrogen formation was
unidentifiable.
Under acetate limiting conditions, two dominant
Betaproteobacterial genotypes were observed on the DGGE
gel, while the Geobacter species had disappeared. One organism
was most closely related to Sulfurisoma sediminicola and
the other to Variovorax boronicumulans. S. sediminicola is
a confirmed denitrifier (Kojima and Fukui, 2014), while
V. boronicumulans is not (Miwa et al., 2008). However, closely
related Variovorax species, for example Variovorax paradoxus,
was shown to grow anaerobically with nitrate and acetate and
its 16S RNA-gene is 98% similar to the genotype found in
this study. The co-occurrence of the two denitrifiers under
acetate limitation may be due to very close affinities and
metabolic control of the two organisms. The sample for DNA
extraction was collected relatively soon after the concentrations
in the reactor became constant. A steady state situation in the
concentrations in the chemostat does not necessarily mean a
steady state in the population. If a bacterium has only a small net
competitive advantage, it would need more time to outcompete
others (Gottschal and Thingstad, 1982; Gottschal, 1993). As we
did not run the steady state for more than five doubling times,
we cannot disregard that possibility. Finally, it cannot be ruled
out the two denitrifying organisms each perform a part of the
denitrification pathway (Van de Pas-Schoonen et al., 2005).
When both nitrate and acetate were limiting, DNRA and
denitrification coexisted and two organisms dominated in the
microbial community, the Geobacter sp. and the Azospira oryzae
(formerly Dechlorosoma suillum, Tan and Reinhold-Hurek,
2003)-related strain. A. oryzae was most likely responsible for the
denitrification in the reactor. This is supported by the reported
characteristics which indicated that A. oryzae was able of nitrate
reduction with acetate whereby nitrate was completely reduced
to nitrogen gas (Achenbach et al., 2001). As A. oryzae is most
likely the Betaproteobacterium observed in FISH, it’s abundance
increased in the population with the increase in denitrification
as a function of the Ac/N ratio in the feed (Tables 5, 6). For the
steady state with dual limitation, but no ammonium production
(Ac/N ratio of 0.93), the A. oryzae related organism was not
observed and two other denitrifiers appeared to dominate. Both
were related to Sulfurisoma sediminicola, as a closest cultured
relative. Thus, the presumed DRNA bacteria dominant under
nitrate limitation remained under dual limiting conditions,
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whereas the presumed denitrifying population changed as a result
of the additional limiting factor.
At Ac/N ratio of 0.93, no ammonium production was
observed, but the DNRA bacterium had remained, albeit at a
low level, in the reactor, as was observed both with DGGE
(band 3a, Figure 3) and FISH (data not shown). It could
well be that all produced ammonia was so small that it was
directly consumed and incorporated into the biomass of both
organisms. However, the possibility remains that the Geobacter-
related organism was performing mainly denitrification. When
the feed was supplemented with an excess amount of ammonium,
at Ac/N ratio of 0.93, the population did not change, not
even after 20 doubling times. Although, the use of nitrate
instead of ammonium for biomass results generally in a lower
yield, no change in yields was measured within our accuracy.
Many bacteria can use nitrate as a nitrogen source for growth
(Gottschalk, 2012), while some obligatory depend on ammonia
for growth, e.g., Nitrolancetus hollandicus (Sorokin et al., 2012).
Probably the dominant bacteria in our system were able to use
nitrate as an N-source, while retaining a competitive advantage.
Conclusion
We showed a clear correlation between the Ac/N ratio and
the prevalent dissimilatory nitrate reduction process in an
open chemostat system using acetate as electron donor. Under
nitrate limiting conditions DNRA was the dominant process
while under acetate limiting conditions denitrification was
dominant. Moreover, we demonstrated that for a substantial
range of Ac/N supply ratios both substrates were limiting
and denitrification and DNRA coexisted. The range of dual
substrate limiting conditions can be explained as a result of
both the stoichiometries of DNRA and denitrification and a
higher affinity of the prevailing DNRA bacteria for nitrate
and of the prevailing denitrifying bacteria for acetate. The
presumed DNRA performing bacterium was most closely
related to Geobacter luticola or G. lovleyi (Deltaproteobacteria).
The presumed denitrifying population was dominated by 3
members of the Betaproteobacteria, belonging toAzospira oryzae,
Sulfurisoma sediminicola and Variovorax boronicumulans. While
the same DNRA bacteria were present under nitrate limitation
as well as dual substrate limitation, the denitrifying community
varied between acetate limited conditions and dual substrate
limiting conditions. These insights into the mechanism of the
competition between denitrification and DNRA helps improve
our understanding of the N-cycle processes. This will be useful
to predict the fate of nitrogen in different environments and
contribute e.g., to the ability to predict eutrophication trajectories
in aquatic environments or to evaluate potential impaired
contribution of DNRA in wastewater treatment plants.
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